Chloramphenicol was found to have a direct effect on the respiratory chain of Mycobacterium phlei cells grown in the presence of this drug. Analysis of the respiratory chain components revealed that the presence of chloramphenicol during growth resulted in a partial inhibition in the synthesis of the cytochromes. However, a stimulation in oxidative phosphorylation was observed with the cell-free extract of cells grown in the presence of chloramphenicol. The oxidation of succinate was found to be stimulated 20 to 130%, depending on the particular extract, whereas the oxidation of reduced nicotinamide adenine dinucleotide (NADH) (18), CAM inhibits the synthesis of mitochondrial proteins without affecting the synthesis of ribosomal proteins. These conclusions were based on the observation that the drug had no effect on a petite mutant of yeast and that, in wild type, synthesis of cytochromes a, a3, b, and cl was completely inhibited and synthesis of succinic dehydrogenase was partially inhibited, but cytochrome c synthesis continued.
It has been known for some time that chloramphenicol (CAM) inhibits protein synthesis (9) , and attempts have been made to see whether CAM has any effect on the energy generation system (24) . It was concluded that the antibiotic at the growth-inhibitory concentration does not affect processes of energy generation and that any such effect, when found, must be a secondary event related to the inhibition of protein synthesis caused by CAM. Recently Linnane and his group (15, 28) demonstrated that, in yeast cells and in mammalian tissue culture cells (18) , CAM inhibits the synthesis of mitochondrial proteins without affecting the synthesis of ribosomal proteins. These conclusions were based on the observation that the drug had no effect on a petite mutant of yeast and that, in wild type, synthesis of cytochromes a, a3, b, and cl was completely inhibited and synthesis of succinic dehydrogenase was partially inhibited, but cytochrome c synthesis continued.
A number of studies (22, 23, 28) have shown an effect of CAM on either the energy-generating system or on the electron transport chain. Godchaux and Herbert (23) reported that CAM at a concentration of 1 mg/ml appeared to inter-'This is the 51st paper in a series dealing with oxidative phosphorylation in fractionated bacterial systems. 1017 fere with adenosine triphosphate formation in intact rabbit reticulocytes. Freeman and Haldar (22) claimed that, at 1.9 mg/ml, CAM was a specific inhibitor of reduced nicotinamide adenine dinucleotide (NADH) oxidation by isolated beef heart mitochondria and that the inhibition occurred at the level of NADH dehydrogenase.
Hanson and Hodges (25) reported that CAM acts as an uncoupling agent in maize mitochondria. In the present report, an attempt was made to locate the site of action of CAM on the respiratory chains of Mycobacterium phlei.
MATERIALS AND METHODS M. phlei (ATCC 354) cells were grown and harvested by the procedure previously described (10) . CAM was added to the medium 2 hr after inoculation.
The addition of CAM in concentrations of 10 ig/ml and 20 ,g/ml to the growth medium resulted in a slight inhibition of the bacterial growth. Sonically disrupted cells were separated into particulate and supernatant fractions by differential centrifugation in a Spinco model L preparative centrifuge (10) . The Table 2 , the presence of CAM had no effect on either oxidation or phosphorylation. Thus the effect of CAM observed with the ETP from CAM-grown cells appears to result in an alteration of the ETP structure of respiratory carriers.
The fact that the phosphorylation of the CAM particles was stimulated with NADH as substrate indicated that the oxidation of the NADH was mediated by electrons moving through the main respiratory chain and not through the nonphosphorylative electron transport bypass associated with this substrate (3) . Further indication that the oxidation of NADH occurred through the main respiratory chain was the finding that KCN inhibited NADH oxidation of CAM particles to the same extent as that of regular particles (Table 3) . Thus the increased level of phosphorylation associated with NADH oxidation with the CAM particles was not the result of an inhibition in the synthesis of the bypass enzymes.
Effect of aging on oxidation and phosphorylation. Aging of the particles was found to have a pronounced effect on both oxidation and phosphorylation. The particles were aged by storage at 4 C. The succinoxidase activity of the CAM particles was 41% higher than that of the regular particles after the first day of storage (Table 4) . However, after the second day the succinoxidase activity of the CAM particles was only 28% higher and after the fifth day only 20% higher than that of the normal particles. Although the differences were small, they were significant because they were obtained with the same order of magnitude in all four experiments that were carried out. The results in Table 4 represent a mean of these four experiments.
The effect of aging on NADH oxidase activity was slight; however, a stimulation in the level of phosphorylation was observed with this substrate, which continued to increase from 17% after the first day to 44% after the fifth day and finally decreased to 29% after the seventh day. Particles obtained from cells grown in the absence of the drug exhibited no changes or a slow decrease in both oxidation and phosphorylation during the aging process.
Effect of heat on the ETP from CAM-grown cells. Brief exposure to heat (50 C for 10 min) of the suspension of ETP (30 mg of protein/ml) in 0.15 M KCl has been shown to reduce oxidative Heat treatment of the ETP has been shown to result in conformational change of the ETP (Kalra, Aithal, and Brodie, manuscript in preparation). This effect of heat treatment was not due to the presence of a heat-labile inhibitor or a regulator. The effect of CAM was thought to be due to the inhibition of the synthesis of a natural inhibitor; however, this appears unlikely, since ETP from CAM-grown cells still exhibit increased phosphorylation after heat treatment with succinate as a substrate.
Site of action of CAM. To determine the site of action of CAM, the respiratory carriers of the electron transport chain were examined. Cytochromes a and c content was followed with a double-beam spectrophotometer to determine the rates of reduction of the cytochromes as well as the total amount of the cytochromes in the dif- (Fig. 3) . The total amount of cytochrome b (560 nm) in the CAM particles as measured by reduction with sodium dithionite was 80% of that found in the regular particles, assuming that the cytochrome b (560) has the same molar absorbancy (562-563 nm) as the cytochrome b (36) .
The unpublished data). When the respiratory chain was blocked by 2 nonyl-8-hydroxyquinoline-Noxide or by irradiation at 360 nm, the addition of TPD was found to restore the oxidation of NADH or succinate by bypassing the block. TPD was shown to accept the electrons from flavoproteins, transferring them to cytochrome c + cl (32) . As can be seen in Table 7 , the succinoxidase activity was more than two times higher in the CAM particles than in the regular particles. At 3.3 Ag/ml, 2 nonyl-8-hydroxyquinoline-Noxide inhibited the oxidation of the regular and the CAM particles. The addition of TPD restored the oxidation of both the regular and the CAM particles to the same level, so that higher activity was no longer observed in the CAM particles.
It thus appears that the site of CAM action in the succinoxidase pathway is located after the flavoproteins and before cytochrome c. This segment of the succinoxidase chain contains an unidentified light-sensitive component, nonheme iron, and cytochrome b (30) . In ETP of CAMgrown cells, no detectable amount of nonheme iron was observed. This does not mean that nonheme iron is not functioning. The segment between the flavoprotein and cytochrome c in the NADH chain contains quinone and cytochrome b (2) . To determine whether the stimulation in the phosphorylation activity coupled with NADH oxidation was due to a difference in the amount of the quinone in the regular and in CAM particles, the quinone was extracted from the different particle preparation and measured spectrophotometrically (Table 8 ). The amount of the quinone was not significantly different in the regular and in the CAM particles.
Distribution of the oxidative phosphorylation activity with different particulate fractions. The ETP from M. phlei have been shown to be composed of a heterogenous particle population (26) , which differs in quinone content, cytochromes, size, composition, and activity (11, 26) . It was of interest to see whether CAM affected all types of particles or whether the effect of the drug was primarily on only one type of particle.
Normal ETP and particles derived from cells grown with 15 gg of CAM per ml were dispersed in 0.25 M sucrose. Portions (0.5 ml) were layered on top of a 4.5-mI linear sucrose gradient (1.0 to 1.25 M) and centrifuged in an SW39 rotor at 36,000 rev/min for 15 hr in a Spinco model L untracentrifuge. Fifteen fractions of 0.33 ml each were collected. Protein content was determined, aThe system was the same as in Table 6 . NQNO (10 ug per mg of protein) and TPD (300 nmoles) were added as indicated. Abbreviations: NQNO, 2 nonyl-8-hydroxyquinoline-N-oxide; TPD, N,N,N',N'-tetramethyl-p-phenylenediamine; CAM, chloramphenicol.
Results expressed as nanoatoms of oxygen produced per minute per milligram of protein. Table 9 .
Only the results for fractions 5 to 10 are given in Table 9 , since very low activity was found in fractions I to 4 and 11 to 15. The distribution of the oxidative and phosphorylative activities in the regular particles was not the same when NADH or succinate were used as substrates. Maximal oxidative activity for succinate was found in fraction 8, whereas, for NADH, maximal activity was found in fraction 5. Maximal phosphorylative activity was found in fraction 6 when succinate served as an electron donor and in fractions 8 and 9 when NADH was the substrate.
It is of interest that the stimulation of oxidation and phosphorylation in the CAM particles exhibited slightly different patterns of distribution in the different types of particles. Stimulation in succinoxidase activity in the CAM particles was concentrated in fractions 6 and 7, whereas stimulation in phosphorylation with NADH as substrate was located in fractions 5, 6 , and 7.
Distribution of cytochromes b, c, and a + as was examined in the different particulate fractions to determine whether there was any correlation between increased activity and cytochrome content. The difference spectra (reduced minus oxidized) of the different particulate fractions were taken, and the amount of cytochrome (nanomoles per milligram of protein) was plotted against the fraction number (Fig. 4) . Cytochromes a and c were almost equally distributed throughout fractions I to 9; however, cytochrome b exhibited a peak at fractions 5 to 7 corresponding to the fraction exhibiting the stimulation in oxidative phosphorylation. The distribution of the cytochromes was the same in normal ETP as that described for the CAM particles; however, the amount of cytochromes b, c, and a + as decreased in the particles derived from CAM-grown cells (40, 20, and 50%, respectively, as compared to regular particles). ETP from CAM-grown cells exhibited an inwas based on the assumption that this b-type cyto-creased level of succinoxidase activity and the chrome has a molar absorbancy similar to that de-stimulation appeared to be due to a component scribed for cytochrome b (562) by Freeman and between the flavoprotein and cytochrome c, the Haldar (22) . effect of CAM on the level of the two b-type extract from CAM-grown cells exhibited stimu-cytochromes was examined. In contrast to the lation in succinoxidase and stimulation in phos-regular ETP, the particles from CAM-grown phorylation with NADH as substrate, an effect cells contained only one type of cytochrome b that was even more marked in the concentration (maximal absorption at 560 nm) which differed of CAM that caused inhibition of cytochrome from either b type from regular particles. The synthesis. Although there was a loss in cyto-560-nm b-type cytochrome was reduced by either chrome content, it was of interest to find an in-NADH or succinate and at the same rate. The crease in the level of respiration and coupled ac-amount of cytochrome b, assuming the same tivity. This finding suggests that the total content molar absorbancy, was reduced 20% in the partiof the terminal cytochromes may not be required cles from CAM-grown cells. The studies of the for the energy-generating pathway. CAM has nature of cytochrome b fail to explain the obalso been shown to inhibit the synthesis of cyto-served results with the particles from CAMchromes a, a3, b, and cl in the actively growing grown cells. Another explanation which has been liver tissue of rat (6, 19) .
DISCUSSION
suggested for a role for cytochrome b is that this Because of the differential effects of CAM on respiratory carrier serves a dual function: one in the respiratory chains with NADH or succinate electron transport and the other as a structural as substrates, it was assumed that the site of ac-organizer of the respiratory components (12, 13, tion of CAM was in the region where the chains 17, 34). are separate, i.e., between the substrate and cytoThe ETP from CAM-grown cells exhibited an chrome b. In M. phlei, those two separate parts increased level of phosphorylation with NADH of the chain contain different components: qui-as the electron donor. This is particularly surnone in the NADH chain and a light-sensitive prising since the level of phosphorylation with component and non-heme iron in the succinate succinate as an electron donor was not increased. chain. Examination of the respiratory carriers CAM may act by preventing the synthesis of a failed to reveal major differences in the compo-substance which inhibits or regulates the respiranents between substrate and cytochrome b in the tory chain. Furthermore, the particles from ETP from cells grown with or without CAM. CAM-grown cells, like regular particles subThe succinic dehydrogenase activity in the CAM jected to heat treatment, do not require the addiparticles was found to be the same as that in tion of soluble coupling factors for phosphoryla-tion (7) . An inhibitor similar to that suggested above has been suggested by several groups (14, 27, 33) .
